The production and biochemical properties of cell envelope-associated proteinases from two strains of Streptococcus thermophilus (strains CNRZ 385 and CNRZ 703) were compared. No significant difference in proteinase activity was found for strain CNRZ 385 when cells were grown in skim milk medium and M17 broth. Strain CNRZ 703 exhibited a threefold-higher proteinase activity when cells were grown in low-heat skim milk medium than when grown in M17 broth. Forty-one percent of the total activity of CNRZ 385 was localized on the cell wall. The optimum pH for enzymatic activity at 37°C was around 7.0. Serine proteinase inhibitors, such as phenylmethylsulfonyl fluoride and diisopropylfluorophosphate, inhibited the enzyme activity in both strains.
The lactic acid bacteria require an exogenous source of amino acids or peptides for optimal growth. In milk the concentration of these low-molecular-weight compounds is not sufficient to ensure growth to a high cell density (16) . Thus, the starter bacteria have to utilize caseins, which are hydrolyzed to peptides and amino acids by extracellular proteinases and peptidases (10, 24, 39) . On the other hand, the effects of the proteolytic systems of lactic acid bacteria are important to the dairy industry as these systems modify texture and lead to development of flavor during cheese ripening (32) .
The cell envelope-associated proteinases of lactococci have been studied extensively (17, 23, 30, 31) . These enzymes are released from the cell envelope in a Ca2"-free buffer, and different hypotheses have been proposed to explain the role of Ca2+ in the stabilization of the proteinases on the cell wall (9, 29) .
Studies of lactococcal proteinases from different strains showed that generally these enzymes degrade ,B-casein better than they degrade aot1-casein (8, 31, 41) . They are inhibited by serine proteinase inhibitors, and the nucleotide sequence of the proteinase gene ofLactococcus lactis subsp. cremoris Wg2 confirmed that the proteinase of this organism was related to other serine proteases. The mechanisms of proteinase secretion, maturation, and attachment to the cell wall have been studied at the molecular level (14) .
Several other lactic acid bacteria, such as Lactobacillus delbrueckii subsp. bulgaricus (1, 11, 26) and Lactobacillus helveticus (42) , have been reported to possess a cell envelope-associated proteinase. An extracellular proteinase is also produced by Lactobacillus murinus (6) .
Less is known about the cell envelope-associated proteinase of Streptococcus thermophilus, a thermophilic lactic acid bacterium that is widely used as starter in the production of many dairy products, such as yogurt, hard cooked cheese, and some soft cheeses. S. thermophilus exhibits a low level of activity compared with Lactobacillus del-* Corresponding author. brueckii subsp. bulgaricus (26, 35) or the mesophilic lactic acid bacteria (28) . The occurrence of proteinases in S. thermophilus HST which are able to degrade K-casein more rapidly than they degrade ao-or 1-casein has been reported previously (36) ; these enzymes have never been characterized as they are produced at low levels.
In a previous paper (34), we reported that among 97 strains of S. thermophilus that were tested for their proteolytic activities on fast-slow differential agar (18) or by a biochemical assay in which 14C-methylated whole casein was used as the substrate (7), only 3 strains (designated the H strains) possessed proteinase activities whose levels were similar to the level of proteinase activity in a Prt+ strain of Lactococcus lactis subsp. lactis (strain CNRZ 1076). The presence of high proteinase activities allowed these strains to grow and produce acid more rapidly in low-heat skim milk than the 94 other strains (designated the L-strains) could. These Hstrains were used as starters in milk with a high protein content. In addition to their role in nitrogen nutrition, the proteinases of H-strains accelerate cheese ripening but sometimes produce bitter peptides and thus should be described more precisely.
In this study, we characterized the cell envelope-associated proteinases of S. thennophilus CNRZ 385 and CNRZ 703 obtained from purified cell wall fractions.
MATERIALS AND METHODS
Bacterial strains and culture conditions. S. thermophilus CNRZ 385 and CNRZ 703, which were isolated from a Japanese yogurt (Yakult Company) (2, 19, 27, 33) . The cell wall fraction was suspended in sodium phosphate buffer (pH 7.0) containing the agent, and the preparation was incubated at 4°C for 2 h. The agent was then removed by dialysis against distilled water at 4°C for 2 h.
The rigorous criteria established by Thomas and Mills (38) were used to determine possible contamination of the cell wall preparation by cytoplasmic or membrane fractions. No significant amount of membrane was detected by electron microscopy. The presence of cytoplasmic enzymes was determined by measuring the P-galactosidase and lactate dehydrogenase activities. ,B-Galactosidase activity was not detected, and the lactate dehydrogenase activity was less than 0.04% of the total activity in each cell extract.
Assay of proteinase activity. Proteinase activity was measured as described by Monnet et al. (30) by following the release of 6% trichloroacetic acid-soluble products from 0.1% 14C-methylated whole casein prepared by reductive methylation of the lysine residues of the casein with KBH4 and H14CHO (specific activity, 7.3 MBq/g) (7). To 100 ,ul of casein, 100 ,ul of cells (10 mg, wet weight) or 100 ,u of a cell wall fraction (4 p,g of protein) was added, and the preparation was incubated for 1 h at 37 or 45°C. The reaction was stopped by adding 200 ,ul of 12% trichloroacetic acid; 1 U of activity was defined as the amount of enzyme that hydrolyzed 1 ,ug of 14C-methylated whole casein in 10 min. The effects of the proteinase inhibitors diisopropylfluorophosphate, phenylmethylsulfonyl fluoride, para-chloromercuribenzoate, and EDTA on proteinase activity were tested at a concentration of 1 mM. The effects of mono-and divalent ions on proteinase activity were tested at a concentration of 5 mM. Whole casein and aot1-and 13-casein were purified in our laboratory (30) . 24 ,000 x g for 5 min at 4°C. To 85 ,ul of supernatant, 15 pl of loading buffer (15) was added. The samples were stored frozen at -30°C until they were used.
(ii) SDS-PAGE analysis. SDS-PAGE was performed as described previously (25) (Fig. 1) Location of the proteinase activity. Strain CNRZ 385 was harvested from M17 broth during the exponential phase of growth (2 h) and disrupted in the X-press apparatus, and the proteinase activities in the different cell fractions were determined; 41% of the activity was associated with the cell wall fraction, 22% was associated with the cytoplasmic membrane, and 37% was associated with the cytoplasm. No proteinase activity was detected in the cell-free medium. Characterization of the cell envelope-associated proteinase. No significant proteinase activity was released from the cell wall after treatment in a Ca2+-free buffer or after the cell envelope was treated with lytic enzymes, such as lysozyme or mutanolysin. Treatments with other agents, such as urea, NaOH, Triton X-100, Tween 80, LiCl, and N-lauroylsarcosine, which are known to stimulate the release of protein from bacterial walls, did not give reproducible results, especially in large-scale purification experiments (data not shown). Thus, the properties of the cell envelope-associated proteinase were determined by using the purified cell wall fraction.
Effect of pH. The optimum pH of the enzyme in 50 mM phosphate buffer was around 7.0 for both strains. The activity was higher in sodium phosphate buffer than in morpholineethanesulfonic acid (MES) or Tris HCl buffer.
Effect of temperature. The enzymatic activities were determined at pH 7.0 at various temperatures. The highest activities were found at 37 and 45°C for strains CNRZ 385 and CNRZ 703, respectively (Fig. 2) . The thermosensitivity of the enzyme was also determined. The proteinase activity of strain CNRZ 385 was only 10% of the maximum activity at 50°C, whereas the proteinase of strain CNRZ 703 retained 80% of its activity at the same temperature. The thermal denaturation curves confirmed the thermosensitivity of CNRZ 385 proteinase. The curves have two distinct slopes at temperature above 50°C (Fig. 3) .
Effects of proteinase inhibitors and cations. The effects of various inhibitors and cations on proteinase activity were investigated ( Table 1 ). The proteinase activities of the two strains were inhibited by the serine enzyme inhibitors, such as diisopropylfluorophosphate and phenylmethylsulfonyl fluoride. They were also partially inhibited by the thiol (19 kDa) , and lysozyme (12 kDa Degradation of caseins. Purified a.1-and 1-caseins and whole casein were tested as substrates for the cell envelopeassociated proteinase. 1-Casein was degraded faster than ar1-casein (Fig. 4) . Hydrolysis of 3-casein was observed after 1 h of incubation, while a.1-casein required 4 h of incubation for hydrolysis. The degradation of both types of casein was complete after 24 h. There were no apparent differences in the patterns of degradation of caseins by the proteinases from the two strains, as determined by SDS-PAGE.
DISCUSSION
Previously (34), we have shown that the proteinase activity present in H-strains CNRZ 385 and CNRZ 703 plays a crucial role in stimulating the growth of cells in low-heat skim milk. Furthermore, the results of a study of a proteinase-negative mutant of strain CNRZ 385 suggested that this proteinase activity plays a role in nitrogen metabolism similar to that of the cell wall-associated proteinase of lactococci. Both enzymes initiated the degradation of native caseins, while the peptidases operated at subsequent steps of hydrolysis to further break down the casein protein to smaller peptides and free amino acids, which could then be taken up by the cell.
As in lactococci, the production of a cell envelope-associated proteinase may be influenced by the composition of the culture medium. The presence of an available nitrogen source affects the overall proteinase activity of strain CNRZ 703 cells but not the overall proteinase activity of strain CNRZ 385 cells. Similar observations have been made for proteinase production in different lactococcal strains. The cell wall proteinases of Lactococcus lactis subsp. cremons E8 and AM1 and Lactococcus lactis subsp. lactis NCDO 763 are inducible (8, 9, 31) , whereas this enzyme is constitutive in Lactococcus lactis subsp. cremoris Wg2 (17 (12, 23) ; it is located on the chromosome, as is the proteinase gene of Lactobacillus casei HN14, which is homologous to the lactococcal gene (20) . The biochemical properties of the cell envelope-associated proteinases of Lactobacillus plantarum and Lactobacillus acidophilus were similar to those of lactococci, suggesting that this family of serine proteinases is widely distributed in dairy microorganisms (21, 42) . However, a hybridization study of the chromosomal DNA from S. thermophilus with the lactococcal proteinase probe pGKV552 (22) , as well as the immuno-cross-reaction between polyclonal antibodies specific to the Lactococcus lactis subsp. cremoris Wg2 purified proteinase and the S. thermophilus proteinase, did not give any positive signal (data not shown). This suggests that even if the S. thermophilus proteinase shares a number of biochemical properties with the proteinases of lactococci, it is genetically different and shares no recent common ancestor.
High levels of proteinase activity were found in only 3 of the 97 strains of S. thermophilus tested (34) , suggesting that this characteristic is not common in this species. Nevertheless, it is probable that these strains acquired the proteinase independently as (i) the three strains were isolated from traditional products of three geographically isolated countries (India, Mongolia, and Japan), (ii) the restriction fragment length polymorphisms as determined with the pNST21 probe (5) The uniqueness of the S. thermophilus proteinase activity should motivate additional biochemical and genetic studies. The liberation of this proteinase from the cell wall would facilitate its purification, which is a prerequisite for studying its specificity with the caseins and how it participates in cell metabolism. The cloning of the proteinase gene(s) and the study of its sequence would contribute to an understanding of proteinase gene expression and proteinase secretion; eventually, such studies could be used to determine the origin of the proteinase gene(s) and to transfer the proteinase gene(s) to other strains.
